Background: Vitamin B12 deficiency and bone fractures are common in vegetarians. However, a direct relationship between vitamin B12 status and bone metabolism in vegetarians has not been tested sufficiently. Methods: Our study included 96 vegetarians (23 German vegans, and 54 German and 19 Indian lacto-, lacto-ovo-vegetarians) and 89 omnivores (Germans and Asian-Indian immigrants in Oman). Blood concentrations of total vitamin B12, holotranscobalamin (holoTC), 25OH-vitamin D (25(OH)D), total homocysteine (tHcy), methylmalonic acid (MMA), and the bone turnover markers (BTMs) bone alkaline phosphatase (BAP), osteocalcin (OC), pro-collagen type I N-terminal peptide (PINP) and C-terminal telopeptides of collagen I (CTx) were measured. Results: Vegetarians from both population groups exhibited significantly higher concentrations of tHcy, MMA, folate, and BAP, but lower concentrations of holoTC and cobalamin compared with omnivores from the same population. Additionally, German vegetarians had higher circulating activities of BAP as well as higher CTx, OC, and PINP compared with their omnivorous controls. HoloTC and MMA were correlated with OC, CTx and BAP. Subjects with low vitamin B12 status (holoTC F35 pmol/L and MMA
Introduction
Osteoporosis is a disease found frequently in elderly persons, often with devastating consequences (1) . Recent epidemiologic studies have linked low circulating vitamin B12 and high total homocysteine (tHcy) concentrations to low bone mineral density (BMD) and fractures, typical symptoms of osteoporosis (2) (3) (4) (5) (6) . Hcy is the final degradation product of the methionine pathway and is increased if vitamin B12, folate and/or B6, important co-enzymes of the Hcy degrading re-methylation and trans-sulfuration pathway, are deficient (7) . In vivo and in vitro studies suggest that there are direct effects of Hcy and vitamin B12 on bone metabolism (8) (9) (10) . In rats, 3 and 5 months of continuous hyperhomocysteinemia causes bone loss and a reduction in bone strength (9) . Cell culture experiments using human osteoclasts and osteoblasts revealed a distinct increase in osteoclast activity in the presence of high tHcy and low vitamin B12, B6, and folate concentrations in the culture medium. This was indicated by significant increases in osteoclastic resorption, tartrate resistant acid phosphatase (TRAP) and cathepsin K activities (10, 11) . Osteoblast activity was not affected by changes in vitamin B12, B6, and folate concentrations in the culture medium (11) . The importance of vitamin B12 for bone health is supported by clinical data where patients with low vitamin B12 status or pernicious anemia exhibited low BMD, increased fracture rates and accelerated bone turnover that could be improved by supplementations with vitamin B12 (12) (13) (14) . Carmel et al. reported lower levels of bone formation markers including bone alkaline phosphatase (BAP) and osteocalcin (OC) in cobalamin deficient patients, compared to subjects with adequate vitamin status (12) .
Vegans are vegetarians who avoid all products of animal origin, such as meat, diary products, and eggs; main sources of vitamin B12 (15) . Lacto-, and lactoovo-vegetarians ingest eggs and/or dairy products, which represent a minor source of vitamin B12. Vegans consuming a vitamin B12 free diet over several years develop vitamin B12 deficiency (16, 17) . This deficiency can be associated with a wide spectrum of hematological and neurological symptoms, such as megaloblastic anemia, neuropathies, or cognitive dysfunction (15, 18, 19) . Considering the potential association between vitamin B12 and bone health, it can be suggested that vegetarians may be particularly prone to disturbances in bone metabolism (20) . However, studies have reported conflicting data regarding BMD in vegetarians (20) (21) (22) (23) (24) . The same holds true for bone turnover markers (BTMs). In one study, individuals consuming a raw food vegetarian diet had lower BMD at the hip and lumbar spine, compared to controls ingesting an omnivorous diet (21) . However, bone turnover as measured by C-terminal telopeptides of collagen I (CTx) and by BAP did not differ. Contrary, in vegetarian children, reduced serum concentrations of bone formation markers (BAP, OC) by 10%-20%, and of bone resorption marker (CTx) by 15% has been reported (25) . Since all these studies did not analyze vitamin B12 status, other factors, such as vitamin D status may have affected the results.
The present study analyzed the association of vitamin B12 status and bone metabolism in vegetarians using biochemical markers of bone turnover and vitamin B12 status.
Materials and methods

Subjects and study design
The study population included 122 Germans (35 omnivores and 77 vegetarians). Of the German vegetarians, 23 were vegans and 54 were lacto-, or lacto-ovo-vegetarians. The study also included 73 Asian-Indian immigrants (54 omnivores, 19 lacto-, or lacto-ovo-vegetarians) who were recruited from three different centers from the Sultanate Oman. Asian-Indians were male immigrants who were working in different companies in Oman. People were invited through several central health organizations in Oman to participate. Because the majority of Asian-Indians working in Oman are males, we included only male German subjects in the study. German vegetarians were either vegans or lacto-, and lactoovo-vegetarians who maintained stable dietary habits for at least 2 years. Asian-Indians followed their lacto-, or lacto-ovo vegetarian lifystyles from birth onward. The omnivores were apparently healthy subjects without any history of coronary disease, thrombosis, stroke, or diabetes. Individuals with other chronic or acute diseases that can interfere with Hcy metabolism were not eligible for the study. This included those with depression, dementia, infection, or thyroid dysfunction. Also, people taking B-vitamin supplements, calcium, or vitamin D were not eligible for the study. Written informed consent was obtained from all subjects and the study was approved by the Local Ethical Committees.
Fasting venous blood samples were collected into EDTAcontaining tubes and serum tubes (without anticoagulants). EDTA tubes were centrifuged immediately, while serum tubes were left for 20 min to clot prior to centrifugation. Then, serum and plasma were separated from cellular blood components and stored at -808C until measurement. The samples from the Sultanate Oman were shipped on dry ice to the core lab at the Department of Clinical Chemistry of the Medical School at the Saarland University (Germany The concentration of total vitamin B12 in serum was quantified with commercial, competitive chemiluminescence immunoassays (Bayer Diagnostics, Fernwald, Germany) on an ACS Centaur automated analyzer (Bayer Diagnostics, Fernwald, Germany). Intra-and interassay CVs were -4.4%. HoloTC was measured using an enzymatic fluorescencepolarization-immunoassay from Abbott with an Axsym automated analyzer (Abbott, Wiesbaden, Germany). Intra-and interassay CVs of this method were -5.1%.
Serum levels of the functional markers of vitamin B12 status tHcy, MMA and Cys were measured using gas-chromatography-mass-spectrometry (GCMS) as described elsewhere (26) . Serum concentrations of folate were measured with a commercial, competitive chemiluminescence immunoassay (Bayer Diagnostics, Fernwald, Germany) using an ACS Centaur automated analyzer (Bayer Diagnostics, Fernwald, Germany). Intra-and interassay CVs were -5.5%.
Serum concentrations of the bone formation markers, OC and PINP, and the bone resorption marker CTx, were measured using electro chemiluminescence immunoassays (Roche Diagnostics, Mannheim, Germany) with an Elecsys 2010 automated analyzer (Roche Diagnostics, Mannheim, Germany). BAP, another bone formation marker, was measured using ELISA (Ostase, IDS, Frankfurt, Germany).
OC is the most abundant non-collagenous bone matrix protein that is secreted by osteoblasts during bone formation. The OC assay that we used detects the stable N-MID (N-Terminal Midfragment) fragment (amino acid 1-43) of OC by use of two monoclonal antibodies. PINP is cleaved from pro-collagen type I by specific proteases during deposition of collagen I into the bone matrix and is therefore considered a marker of bone formation. BAP, an enzyme that has a role in the mineralization of bone, is specifically produced by osteoblasts. The BAP assay uses a monoclonal antibody against BAP. Intra-and interassay CVs were -6.5% for OC, -3.7% for PINP and -6.5% for BAP.
The bone resorption marker CTx detects crosslinked oligopeptides from the C-terminus of the a1-chain of collagen type I (27) . These fragments are released during bone resorption and contain a lysine and an aspartyl residue. While the lysine participates in intermolecular cross-linking, the aspartyl is subject to isomerization. The antibody used in this assay binds only when aspartyl is present in its bisomerized form. Intra-and interassay CVs of the assay were -4.7%, respectively. 25(OH)D was determined utilizing competitive chemiluminescence immunoassays (DiaSorin, Dietzenbach, Germany). In brief, 25(OH)D was released from its binding protein and bound to an immobilized 25(OH)D antibody on magnetic particles (solid phase). The binding was in competition with labeled 25(OH)D. Intra-and interassay CVs of the assay were 10.8% and 13.2%, respectively.
Statistical analysis
The distribution of all continuous variables was not normal. Therefore, data were log-transformed before applying statistical tests that assume normal distribution. Descriptive statistics are provided as median (10th-90th percentiles). Groups were compared using the Mann-Whitney test or by ANOVA. Binary variables were compared by means of the -test. Correlation coefficients were calculated using Spearman's correlation analysis. Backward stepwise multiple regression analysis was performed to investigate determinants of BTMs. All calculations were done using the software package SPSS (Version 17.0 for Windows; SPSS). p-Values below 0.05 were considered statistically significant. Table 1 shows the concentrations of B-vitamins and BTMs according to diet and ethnic origin. Concentrations of all blood markers were comparable between German vegans and lacto-lacto-ovo-vegetarians, with the exception of MMA and folate (Table 1 ). In the German collective, both vegetarian types showed significantly lower vitamin B12 status compared to German omnivores. This was similar to results from Asian-Indians.
Results
German vegans and lacto-, lacto-ovo-vegetarians were considered collectively, and compared to German omnivores. Median concentrations of holoTC and vitamin B12 were markedly lower, and that of MMA was higher, in vegetarians compared to omnivores from both ethnic groups. The proportion of vegetarians from both population groups who had holoTC F35 pmol/L and MMA )271 nmol/L (66% of the Germans, and 69% of the Asian-Indians; ps0.547) were comparable. In contrast, the median concentration of serum folate was significantly higher in vegetarians compared with omnivores. Higher folate concentrations were found in Asian-Indian vegetarians compared to German vegetarians.
Bone turnover was accelerated significantly in German vegetarians as shown by higher circulating CTx, OC and BAP concentrations, when compared to German omnivores. There were no significant differences in the concentration of BTMs between German vegans and lacto-, lacto-ovo-vegatarians. Comparing 25(OH)D between vegetarians and non-vegetarians showed some differences between these two populations. In Germans, 25(OH)D concentrations did not differ according to diet (vegan, lacto-, lacto-ovo-vegetarians and omnivores). In Asian-Indians, 25(OH)D was lower in vegetarians compared to omnivores. In addition, regardless of diet, Asian-Indians had higher 25(OH)D compared to Germans, probably due to differences in exposure to sun light.
We stratified our subjects according to vitamin B12 status (using holoTC and MMA) into deficient and non-deficient groups. Subjects deficient in vitamin B12 were those who had holoTC F35 pmol/L and MMA )271 nmol/L ( Table 2) . Irrespective of the ethnic origin, vitamin B12 deficient individuals (ns63; 17% of them Asian-Indians) showed higher serum concentrations of tHcy as well as lower 25(OH)D concentrations. P1NP, BAP, OC, and CTx were significantly higher in vitamin B12 deficient individuals, indicating increased bone turnover.
Backward regression analyses were applied to find determinants of BTMs (P1NP, BAP, OC) in both ethnic groups. In both populations, markers of B-vitamin status (MMA, holoTC, or tHcy) were significant factors explaining the variations in concentrations of BAP and PINP (Table 3) . Variations in the concentrations of OC in Asian-Indians were not explained by any of the markers measured in this study.
Concentrations of MMA and BAP correlated positively in both ethnic groups of vegetarians and nonvegetarians (Figure 1) . The correlation was significant in Germans (Rs0.23, ps0.011) and tended to be significant in Asian-Indians (Rs0.23, ps0.067) (Figure 1 ).
Discussion
The present study assessed the vitamin B12 status of vegetarians and omnivorous subjects using functional biochemical markers, such as holoTC, tHcy and MMA. All of these markers showed one or more significant relationships with markers of bone formation, such as BAP, PINP and OC in the two different ethnic groups. None of the vegetarians included in this study had clinical symptoms of vitamin B12 deficiency. The type of vegetarian diet (vegan or lacto-ovo) had no additional impact on bone turnover, suggesting that mild to moderate vitamin B12 deficiency might be sufficient to increase bone turnover.
Our data support a significant role for vitamin B12 in bone metabolism. In contrast to previous studies (2, 28) , the majority of vegetarians in our study exhibited insufficient vitamin B12, with the lowest concentrations seen in vegans ( Table 1) . The EPIC-Oxford study included 9420 vegetarians and 1126 showed an increased risk of fracture (29) . Since vegans usually have lower vitamin B12 status compared with lactoovo vegetarians, it can be speculated that vitamin B12 needs to fall below a certain threshold to be clinically relevant. Our study does not confirm this hypothesis since vegans had BTM levels comparable to those seen in lacto-ovo vegetarians. However, it should be noted that the duration, rather than the type of diet, probably determines bone turnover. Since animal products are a good source of vitamin D and vitamin B12, a vegetarian diet might be associated with depletion of both vitamin B12 and vitamin D stores; the latter being of major importance for bone health. Increased bone turnover with aging is associated with accelerated bone loss (30) (31) (32) (33) (34) .
The first evidence for the relationship between a vegetarian life style, low vitamin B12 status and low BMD was derived from a cross-sectional study of adolescents who were fed a macrobiotic diet up to the age of 6 years, followed by a lacto-(-ovo-) vegetarian or omnivorous diet (22) . Total vitamin B12, BMD and bone mineral content (BMC) were lower and MMA was higher in the formerly macrobiotic-fed individuals compared with controls. After adjusting for confounding factors, serum MMA was significantly higher and total vitamin B12 lower in subjects with low BMD compared with subjects with normal BMD. Consistent with this, the Longitudinal Aging Study Amsterdam (LASA) study reported a significant relationship between vitamin B12 and BMD, measured by calcaneal broadband ultrasound attenuation (BUA) in women (2) . The strongest evidence for accelerated bone loss in vegetarians comes from the EPIC-Norfolk study which included over 11,000 men and women (35) . Male vegetarians exhibited a 6%-15% reduction in BUA, indicating a significant deterioration in bone composition in vegetarians. Previous studies suggested lower body weight as well as lower intake of protein, calcium, vitamin D and acid substances as potential causative factors for reduced BMD and an increased fracture rate in vegetarians and vegans (20-22, 29, 35) . However, in the LASA and the EPIC studies the relationship between BMD/BUA and vegetarian life style, as well as vitamin B12 status, remained significant after adjusting for body weight, food intake and nutrients.
While the association between a vegetarian life style and BMD has been addressed in several studies, there is limited data regarding the association between vitamin B12 status and bone metabolism in vegetarians (21, 22, 25) . The present study provides evidence showing a significant increase in BAP, OC, PINP and CTx in vegetarians. Our results are in contrast to a previous cross-sectional study that compared vegetarians and non-vegetarians. Although BMD and bone mineral content were lower in vegetarians, BTMs CTx and BAP, as well as vitamin D concentrations were similar in vegetarians and controls (21) . Considering the small number of subjects and the high variability of OC and CTx, the lack of a significant difference is not surprising (27, 36) . Another recent study that investigated 50 vegetarian children aged 2-10 years found the serum concentrations of BAP, CTx and OC to be 10%-20% lower than the omnivorous controls (25) . Since bone metabolism in growing bones of children differs significantly from the situation in adults, comparison of these results with our data is significantly limited (27, 36) .
Our results are supported by the large epidemiologic LASA study. In this study, women with total vitamin B12 concentrations -200 pmol/L and tHcy concentrations )15 mmol/L had higher concentrations of serum OC and urinary desoxypyridinoline crosslinks (another bone resorption marker representing collagen type I breakdown) compared to women with vitamin B12 levels )200 pmol/L and tHcy concentrations -15 mmol/L (2) . In men, no such differences were found.
Our current findings are supported by previous studies. Vitamin B12 has been shown to stimulate proliferation and functional maturation of human bone marrow stromal osteoprogenitor cells (hBMSC) and UMR106 osteoblastic cells, as assessed by w3Hx-thymidine incorporation and BAP activity (37) . Furthermore, in-vitro studies using human osteoclasts revealed activation of osteoclasts with decreasing concentrations of B12, B6 or folate and increasing concentrations of tHcy. This suggests a causal relationship between decreased B-vitamins and bone degradation (38) . However, no such effects have been observed for human osteoblasts (11) . While results for osteoblasts are conflicting, existing data support a regulatory role for vitamin B12 in bone resorption.
The mechanisms explaining the relationship between vitamin B12 deficiency and bone turnover is not well understood. A potential link between these two might be the increases in tHcy in vitamin B12 deficient subjects (Table 3 ). Hcy has repeatedly been shown to adversely affect bone, with stimulation of osteoclasts, inhibition of osteoblasts and disturbances in collagen crosslinking being potential mechanisms (39) . In addition, a recent animal study by our group (40) showed bone-specific accumulation of Hcy in hyperhomocysteinemic animals, which supports the potential role of Hcy for bone health.
The differences in vitamin D status between these two populations deserve further investigation. We did not collect data on the dietary intake of the D vitamins and vitamin B12. However, in contrast to the situation in Asian-Indians, 25(OH)D did not differ between German omnivorous and vegetarian subjects. It seems plausible that these differences in Asian-Indians are related to a vegetarian diet, whereas in Germans, decreased exposure to sun is the limiting factor.
In conclusion, the results of the present study show that metabolic signs of vitamin B12 deficiency are related to accelerated bone turnover in vegetarians, which may potentially have adverse effects on bone health in these individuals. Concentrations of BTMs were not related to the type of vegetarian diet. Further studies need to investigate whether vitamin B12 supplementation alone or in combination with vitamin D can improve bone turnover and bone health in vegetarians.
